Characteristics of irradiation-induced hydrogen trapping in tungsten were investigated by observing deuterium concentration profiles under continuous deuterium plasma exposure.
Introduction
Hydrogen-solid interactions (e.g., solution, diffusion, trapping, and hydriding) are directly related to tritium retention in plasma-facing materials of fusion devices. Tungsten is a candidate material for divertors due to its heat-resistance and high threshold of physical sputtering. Hydrogen-tungsten interactions have been investigated [1] and it is known that hydrogen trapping is a key process for tritium retention. Plasma-facing materials are heavily damaged by fast neutrons from DT reactions and irradiation damage or irradiation-induced defects can act as hydrogen traps.
High energy ions are often used to introduce irradiation damage in tungsten as substitute for fast neutrons [2 -6] . Wright [6] has shown that irradiation with 12.3 MeV W 4+ ions enhances deuterium retention and the retention is likely to saturate below 0.5 dpa. Tyburska et al. [5] has observed deuterium retention up to 7 m in 5.5-MeV W 2+ irradiated tungsten and
shown that the retention is saturated at 0.4 dpa and irradiation-induced traps are removed by 1200 K annealing. Saturation of the retention is an important phenomenon because it indicates an upper limit of the retention even for heavily damaged tungsten in commercial reactors.
The increase in trapped deuterium at high temperature, typically 500 K, observed in our previous work [7] is also of concern. It suggests that production of the trap depends not only on irradiation damage, but also appropriate temperatures. In the present work, 1.5-MeV and 5.0-MeV W ions were used to irradiate tungsten samples with an average damage level of 0.63 to 54 dpa (1.6 to 110 dpa at peak) at room temperature. The samples were subsequently heated under continuous exposure of a deuterium plasma. By observing deuterium concentration profiles in the samples by nuclear reaction analysis (NRA) during heating, the dependence of trap density and trapping energies were investigated as a function of irradiation dose and temperature.
Experiments

Sample irradiation
The W specimens, prepared by A.L.M.T. Co., were disk-shaped with a diameter of 21 mm and a thickness of 0.5 mm. The W purity was 99.99 % and its main impurities were Mo-12, C-10, Fe-6, Al-2 and Cr-2 ppm by weight. After the sample was cut from a rod, which had been stress-relief annealed at 1173 K for 1 h, it was mechanically polished with abrasive paper and diamond powders, subsequently finished with slurry of colloidal silica, and finally annealed at 1173 K for 0.5 h in vacuum. Samples are listed in Table 1 , where A1, A2 and B2
in our previous work [7] are also included for comparison of the data. A1 and A2 were irradiated with 0.8-MeV 4 He at an angle of 45º and B2 with 0.2-MeV H at surface normal.
Samples A3 and A4 were irradiated with 1. 
In situ D observation
The experimental setup has been described elsewhere [10] and will be explained briefly.
The sample was set in a vacuum chamber and the ion-irradiated side of the sample was exposed to a deuterium radio-frequency (RF) plasma, where the RF power was 20W and deuterium gas pressure was 1 Pa. As the energy of deuterium particles incident to the sample was very low, typically 1 eV [11] , there were no effects of defect formation or temperature change. For the entire duration of the experiment, the sample was continuously charged with deuterium from the plasma. beam to the irradiation damage would be small because the averaged displacement in a region of 0  0.8-m was only 0.03 for 10 NRA measurements. It was much smaller than the 0.63 dpa minimum damage level in the present work. In sample A5, an area ratio of the W irradiation spots to the NRA beam spot is estimated to be 0.7, which is taken into account in the depth profiling. The area ratio is 1 in samples A3 and A4.
deuterium charging from the plasma to the sample, which means that the deuterium concentration at steady-state can be observed. To achieve steady state, NRA was measured at an elapsed time of 2 ks after sample temperature changes [12] .
Results and discussion
Deuterium depth profiles in A3 and A4
Fig . 1 shows deuterium depth profiles in sample A4 at low temperatures before and after heating the sample to 600 K. At first, deuterium atoms are present only on the surface by absorption. Due to the finite resolution of the NRA system, deuterium seems to be present at a negative depth. The average concentration of deuterium in the damage region from 0 to 0.3 m is 2.4  10 24 m -3 , where the amount of absorbed deuterium is excluded. As shown in Fig.   2 , it is much lower than the concentration of dissolved deuterium, s C , in non-irradiated tungsten under the same plasma condition [12] . One reason may be that the number of the solution sites, where deuterium can be dissolved, is considerably decreased by the irradiation.
Runs 2  5 in Fig. 2 show that when the sample temperature was increased, the deuterium concentration continued to increase. At 550 K, the deuterium concentration decreased monotonically with increased sample temperature due to quasi-equilibrium of trapping and detrapping. This indicates that the number of the deuterium traps increases by heating to 500 K. A similar phenomenon has been observed in 4 He-and H-irradiated tungsten [7] . This temperature corresponds to a recovery stage III of interstitial migration; thus, traps are considered to be associated with interstitial clusters which originate from the irradiation damage and grow during stage III [7] . The depth profile of trapped deuterium in sample A3, shown in Fig. 3 , is very similar to that in sample A4. However, the concentration peak in A4 is 1.4 times higher than A3 and the irradiation dose is 7 times higher. The amount of traps is not proportional to displacement, which will be discussed in Section 3.4.
Deuterium depth profiles in A5
Compared to A3 and A4, A5 is heavily irradiated with W and its average damage level is 54 dpa. The depth profile of trapped deuterium shown in Fig. 4 varies from that shown in Fig. 3 . The peak depth of trapped deuterium agrees with that of the displacement damage.
The damage region is far enough from the surface so annihilation of the interstitials at the surface does not affect the trap distributions. A small peak appears around a depth of 0.6-m.
As the statistical error of each point at this depth is 10 % and the data points form a smooth profile, this peak is significant. A possible reason for the peak is that the migration of the trap decelerates in the non-irradiated region and the traps accumulate at the boundary between the irradiated and non-irradiated regions. A large amount of self ions would also contribute to the peak.
The temperature dependence of the average concentration of deuterium in bulk is shown in Fig. 5 . The bulk is taken as the damaged region from 0 to 0.8 m in depth. In Run 1, no deuterium atoms are present in the bulk and the data point is outside of the figure. As in the case of A4, the deuterium concentration increases with temperature (Runs 2 -7). The temperature dependence of the deuterium concentration over 550 K is, however, different from that of A4. This suggests that properties of the traps vary with the damage level.
Trapping energy
As the sample is continuously charged with deuterium from the plasma, there is a quasiequilibrium both in solution and trapped. The equilibrium constant f is expressed by [13] 
Here 0 C and t C are the trap density and the concentration of trapped deuterium, respectively.
hN is the density of the solution sites where h is the number of solution sites per host atom and N is the atomic density. A hydrogen atom is generally located at tetrahedral sites in bcc metals [14] so h is taken as 6. f is related to the trapping energy
where  is the pre-exponential factor representing an entropy difference, (1), are plotted in Fig. 6 . By fitting the data to Eq. (2), it is found that t E and  are 0.70 eV 8 and 4 for A3, 0.70 and 70 for A4, respectively (see Table 2 ). The entropy term of  is quite different between A3 and A4. When the trapping site is a point-defect-like site,  is considered to be close to unity [18] . This is the case of A3
where the damage level is low and thus the irradiation-induced defects remain small. The damage level in A4 is much higher than in A3 and the defects would grow larger. It is likely that the large value of  is attributed to a large size of the defects. The size effect is also seen in other samples. As a collision cascade in H-irradiated B2 is small due to low irradiation energy and light ion projectile,  is a minimum value of 2 in all the samples. 
shows medium values in He-irradiated A1 and A2. A reason for difference between A1 and A2 would be that A2 is irradiated at the stage III temperature and the defects effectively grow during the irradiation.
f cannot be determined in sample A5 since the deuterium concentration above 550 K does not decrease significantly as shown in Fig. 5 
Trap density
Trap density, 0 C , is a very important parameter directly related to tritium retention. Fig.   7 plots 0 C data (plotted as a function of the damage level Q )along with 0 C data from the literature. To aid in data comparison, an average number of dpa in the damage region is used for Q because a peak number, often used by others, does not represent the total amount of displacement. In the literature, Q is computed using a displacement energy of 90 eV. The vertical axis of 0 C is an averaged value in the damaged region. In Wampler's work [4] , the damage region is 2.5 m and a difference in the average deuterium concentration between irradiated and non-irradiated Plansee W samples at 473 K is regarded as 0 C . In Tyburska's work [5] , the damage region is 0.8 m and a difference in the average deuterium concentration between non-annealed and annealed samples exposed to 38 eV-D at 320 -350 K is regarded as 0 C . Note that the concentration in the damage region is not known from the literature and a probe depth of 7 m is used as the average region for 0 C . Thus 0 C in Tyburska's work is underestimated here. In Fukumoto's work [3] , the damage region is 1.5
m for 300-keV irradiation and the average deuterium concentration in the deuteriumimplanted sample with a dose of 8 10 24 m -2 is regarded as 0 C . The values of 0 C and Q of A1, A2, and B2 are slightly different from those listed in Table 2 of our previous work [7] because of a difference in the average region of 0.3  1.2 m from that in the present work. 10 It is clear that dependence of 0 C on Q changes at 0.1 dpa. Considering that the peak damage is several times higher than Q , a collision cascade is suggested to overlap with a damaged region and new displacement atoms would not be effectively produced at this damage level. 0 C gradually increases with Q over 0.1 dpa and does not tend to be saturated up to 54 dpa. As Tyburska's data should be actually higher, all the data seems to lie on one line except for sample A2 and Fukumoto's data. A2 is irradiated at a high temperature of 573 K and the temperature in the Fukumoto's sample is increased due to the high flux irradiation.
This is due to high trap density, because the trap is effectively produced by irradiation at temperatures of the recovery stage III [7] . In this stage, interstitial atoms annihilate at sinks, such as vacancies, or cluster to form small interstitial clusters and dislocation loops. The former increases the chances for new displacement and the latter increases the trap density.
In general, the trap in irradiated tungsten is considered to be a vacancy or vacancy clusters [2, 6, 16, 17] . However, that is not the case in the present work. One plausible explanation is that the trap is a point-defect-like site (e.g., a vacancy, vacancy clusters, and lattice distortion) accompanying the interstitial dislocation loops.
Summary
Characteristics of hydrogen traps in ion-irradiated tungsten (e.g., the trapping energy, depth profiles of trapped deuterium, and evolution of the trap density with displacement)
were experimentally investigated. The irradiation energy and the average damage level are List of Figures   Fig.1 . Deuterium depth profiles in sample A4 at Run 1 (at 373 K after 1.5-MeV W irradiation at room temperature) and Run 12 (at 378 K after heated up to 600 K). The run number represents a temperature sequence denoted in Fig. 2 . 2.7 (1.0m) a Data of A1, A2, B2 are taken from our previous work [7] . b Displacement energy is 90 eV. 
